We demonstrate and investigate the coupling of contributions from both in-plane (IP) polarization and out-of-plane (OP) components in BiFeO3 (BFO) thin films polarization probed by piezoresponse force microscopy (PFM). Such coupling leads to image artefacts which prevent the correct determination of OP polarization vector directions and the corresponding piezoelectric coefficient d 33 . Using material strength theory with a 1D modelling of the cantilever oscillation amplitude under electrostatic and elastic forces as function of the tip length, we have evidenced the impact of IP piezoresponse to the OP signal for tip length longer than 4 µm. The IP polarization vector induces a significant longitudinal bending of the cantilever, due to the small spring constant of long tips, which provokes a normal deviation superimposed to the OP piezoresponse. These artefacts can be reduced by increasing the longitudinal spring constant of the cantilever by shortening the tip length. Standard cantilevers with 15 µm-long tips were modified to reach the desired tip length, using focused ion beam techniques and tested using PFM on the same BFO thin film. Tip length shortening has strongly reduced IP artefacts as expected, while the impact of nonlocal electrostatic forces, becoming predominant for tips shorter than 1 µm, have led to a nonnegligible deflection offset. For shorter tips, strong electric field from cantilever beam, can induce polarization switching as observed for 0.5 µm-long tip. Tip length ranging from 1 to 4 µm allowed minimizing both artefacts to probe unambiguously OP piezoresponse and quantify the d 33 piezoelectric coefficient.
I. INTRODUCTION
Piezoresponse force microscopy (PFM) is the most widely employed technique for local characterization of piezoelectric materials. Its principle is based on the converse piezoelectric effect, where an external electric field is applied to the surface of a ferroelectric sample between a sharp conducting tip and a grounded bottom electrode. 1-4 Induced mechanical expansions or contractions of the sample are detected as shifts of the cantilever oscillation in contact mode of an atomic force microscopy (AFM). Three different signals can be detected: topography, amplitude and phase. The out-of-plane (OP) or the in-plane (IP) piezoresponse of the different domains can be probed using amplitude and phase by monitoring normal or lateral (torsional) cantilever deflections on the four-quadrant photodetector, respectively. Conventionally, amplitude piezoresponse yields a measurable signal, proportional to the piezoelectric coefficients, allowing to probe ferroelectric domain walls and defines the local electromechanical activity of the surface.
The phase of electromechanical response of the surface enables the visualization of domains and the determination of polarization vectors directions. 1-7 If polarization vector is oriented normal to the surface and pointing downward, for a positive (negative) tip bias, it results in a local sample expansion (contraction) and surface oscillations are in phase with tip voltage, phase = 0°, whereas for opposite domains (pointing upward), phase = 180°. 4 For polarization vector oriented in the surface plane and pointing leftward, lateral surface oscillations are in phase (0°) with the tip voltage, while for rightward, they are phase shifted (180°). It is widely known, that PFM images can often be influenced by sources of additional cantilever forces that give rise to artefacts. 4-7 For example, the impact of non-local (from the cantilever beam) and local (under the tip) electrostatic forces can strongly perturb PFM signals by changing the dynamics of "cantilever-sample" interaction. [4] [5] [6] [7] [8] [9] [10] In this case, electrostatic and elastic interactions between the charged cantilever and sample dipoles induce additional contributions to PFM signals leading to weakened phase contrast (less than 180° phase change across oppositely oriented domains). 9,10 Dealing with such artefacts requires modified experimental strategies to reduce levels of additional forces, through:
(i) a careful selection of imaging parameters, possibly employing the use of DC voltage or/and changing regulation (driving) frequency, 9,11 (ii) the calibration of the laser beam position at the highest cantilever elevation giving the best piezoresponse sensitivity, 12 or (iii) the use of cantilevers with high normal spring constant for OP PFM, by changing beam geometry (length and thickness). 1,2, 6 In this work, we highlight the influence of IP polarization contributions through elastic forces on OP PFM signals and demonstrate a method to reduce them. We have modified standard PFM cantilevers using a focused ion beam instrument, to create shorter tips that reduce artefacts and enhance OP piezoresponse sensitivity when imaging ferroelectric domain structure in a BiFeO3 thin film. We show, with the help of material strength theory and cantilever dynamic calculations under electrostatic and elastic perturbations, that the tip length plays an important role.
II. EXPERIMENTAL SETUP
In order to study how to reduce the influence of electrostatic and elastic perturbations in PFM measurements, we have used a BiFeO3 (BFO) thin film as a test sample. 60 nm-thick BFO thin epitaxial film was grown on SrRuO3 buffer layer on DyScO3(110) substrate by pulsed laser deposition in a 0.14 mbar O2 atmosphere with a substrate temperature of 650°C. Laser pulse energy of 90 mJ (energy density of 0.4 J/cm 2 ) was used, leading to a 0.5-1.5 nm/min growth rate. 13 Further details of the BFO thin film deposition and its crystallinity investigation by XRD are given elsewhere. 14 All OP and IP PFM measurements were performed using a scanning probe microscopes is in "nA". We have used force-distance characteristics in contact mode on our BFO thin film to convert the deflection in "nA" to "nm". 16 In our system, phase is renormalized, then for polarization vector pointing downward or leftward (upward or rightward), the phase equals to -90° (90°). To be able to investigate the same area, several marker points were done on the sample surface allowing to recover the initial position by optical microscope. The exact area was found by scanning first at large scale (20×20 µm²) before zooming.
The optimal tip length for OP PFM measurements was determined based on material strength At the second step, a conical structure was grown using C-CVD. The conical shape of the tip base allows increasing both tip stability and life time. C-CVD was performed at a 52° tilt angle relative to the cantilever normal. For the 1.5 µm-long tip, six sequential concentric disks were deposited by varying the ion beam current to achieve progressively smaller diameters (30 pA: (1) At the final step, a sharp tip extremity was formed by FIB etching with 1 pA beam current. The final conical structure had a 1.5 µm length. For the shorter tip, only disk (1), (4), (5) and (6) were grown and etched at the same ion beam parameters of the previous tip for a total 0.5 µm tip length.
FIB prepared cantilevers were tested using spreading resistance AFM measurements on silicon samples having a known resistivity and compared to commercial cantilevers. It was found that FIB cantilevers provides good conductivity comparable with CoCr coated standard commercial cantilevers. Modified cantilevers have 10 to 100 utilisation cycles, depending on AFM regulation parameters. 21 Scanning electron microscopy (SEM) was used to image FIB prepared tips.
III. EXPERIMENTAL RESULTS
A. Observation of artefacts in OP piezoresponse of BFO thin film corresponds to the leftward IP piezoresponse direction (negative phase shift). The D1 phase shift in Fig. 1(f) is close to 0° because the polarization vector is collinear to the scan direction.
Through consideration of Fig.1(b) and Fig. 1(d-f) , polarization vector directions were deduced, allowing the determination of the orientation of both D1 and D2 domains, 71° relative to one another, [inserts in Fig. 2 (a)] in agreement with literature. 13,14, 22 The magnitude of the phase shift is less than 180° and the presence of domain pattern contrast for both amplitude and phase in OP PFM images [ Fig. 1(a, c) ] similar to the IP contrast [ Fig. 1(e, f) ] is consistent with mixed sensitivity to both OP and IP polarization components. Additionally, the walls between domains cannot be clearly visualised. It must be noticed that similar measurements have been repeated for different driving frequencies (30 to 150 kHz) of the cantilever (not presented here) and reveal the presence of artefacts at any frequency on the OP piezoresponse. The frequency only affected the PFM sensitivity for amplitude and phase.
B. Origin of artefacts in the OP piezoresponse
In order to understand the origin of the sensitivity to both OP and IP components, we have simulated the normal cantilever oscillation amplitude and the effect of tip length on OP PFM sensitivity in BFO thin film. Both non-local/local electrostatic and elastic forces, and OP/IP contributions were taken into account. A schematic representation of the cantilever showing the different contributing forces is given in Fig. 2(a) . First, we have determined normal (k Norm ) and longitudinal (k Long ) spring constants of cantilevers with tip length ranging from 15 to 0.5 µm, using material strength theory in analogy with the method of Neumeister and Ducker 17 [ Fig. 2(b) ].
Geometrical cantilever parameters are given in Fig. 2(a) and Table 1 . Secondly, the obtained spring constants were used to simulate the cantilever oscillation amplitude under electrostatic and elastic forces in PFM mode, based on reported methods by Song and Bhushan 19 and Jesse et al. 6 and taking into account the direction of IP polarization vectors.
The angle of the cantilever beam to the sample surface was set to 0º, in order to simplify the model and highlight PFM imaging mechanisms. The interaction between the cantilever and the sample can be defined by normal and longitudinal springs as represented in the 1D beam model in 
where ϕ(x) is the vertical bending of the beam at position x ; E is the cantilever Young's modulus, I = wt 3 12 ⁄ is the moment of inertia; 17,18 κ is the cantilever eigenvalue for vertical bending (κ 4 = f 2 ρS c /(EI)) 6,19 , where S c = wt is the cantilever beam cross section area and ρ = 2.65 g/cm 3 is the cantilever mass density. 24 q 0 is the first harmonic of the distributed load, that can be seen as a non-local capacitive force (F NLC ) generated between the beam and the sample surface that is tip length dependent:
where ε0 is the electric permittivity; S = (L + d)w is the cantilever surface; V DC = 0 V is the offset voltage; V surf = 0.5 V is the surface potential measured by Kelvin force microscopy with standard cantilever. The solution of equation (1) 
The local electrostatic force (F Loc ) generated between the tip extremity and the sample surface [ Fig. 1(a, c) ]. into account all contributions were performed to reproduce the PFM observations in Fig. 1(a-c) [continuous lines in Fig. 3(a) ]. We have observed that the IP piezoresponse contributions in OP signal are non-negligible for tips longer than 4 µm, while for shorter tips, it has a minor effect.
C. Reduction of artefacts in the OP piezoresponse by using shorter tip length 
IV. DISCUSSION
OP PFM results obtained with a standard conductive cantilever of 15 m tip length were neither in good agreement with previously reported results on BFO thin film where both domains are upward polarized, 13,14,21 nor with the PFM principle where OP piezoresponse should not be crystallographic-direction dependent. 11 This has motivated the modelling of the normal cantilever oscillation amplitude that shows that the tip length is a critical parameter in OP PFM measurements in agreement with our experimental observations. For 15 µm-long tip, the calculated contrast for domains having IP orientation β 1 = π/4 and β 2 = 3π/4 is 2.1 nm in a perfect agreement with the amplitude contrast presented in Fig 1(a) and 4(b) . The model is able to reproduce all contrasts observed along the different crystallographic directions [ Fig. 3(a) ]. Indeed, for β 1 = -π/4 and β 2 = π/4, no contrast difference in between domains is found, in agreement with PFM results in Fig. 1(b) and 4(c) . The calculated and experimental contrasts are very similar, around 1.4 nm, for β 1 = 0 and β 2 = π/2 like in Fig. 1(c) . The correlation between experimental results and the model confirms that the observed artefacts are generated by IP polarization. As tip length decreases, the model predicts a reduction of IP contribution to the OP signal due to the increase of longitudinal spring constant that reduces longitudinal bending transferred to the normal one. Using shorter tips significantly increases non-local electrostatic interaction [ Fig. 3(a) ]. In agreement with the model, it can be noticed in Fig. 4(b, c) , that the overall OP amplitude is much larger for short tips. This intensity increase has been attributed to a larger contribution of non-local capacitive forces that appears as a deflection offset that has to be taken into account with local capacitive force to correctly estimate d 33 . The domains/domain walls contrast, estimated around 4±1 nm in Up to 2 nm amplitude contrast can be induced by IP perturbations. 1D beam modelling of the cantilever oscillation amplitude in OP PFM was used to demonstrate that the IP contribution was the main artefact and an optimal tip length range (1 -4 µm) was estimated. A set of new cantilevers with different tip lengths were prepared by FIB and confirmed that IP contribution can be reduced and completely removed for tips shorter than 4 µm. Using tip shorter than 1 µm led to domain polarization switching, defining a lower limit for the tip length. Optimizing the tip length to improve OP PFM sensitivity on BFO thin films can be applied to any other piezoelectric materials with similar piezoelectric properties where IP artefacts are present or suspected.
